A new semi-automated method for high-throughput identification of visual neurons and their synaptic partners has been combined with optical recording of activity and behavioral analysis to give the first complete description of an elementary circuit for detecting visual motion.
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Unraveling the complexity of a brain is a daunting task. The most complex nervous system for which we know every neuron and its synaptic partners, 'the connectome', is the 302 neurons of the nematode worm Caenorhabiditis elegans [1] . This relatively simple connectome was traced almost 30 years ago by manually examining one electron micrograph at a time. But any hope of determining the connectome, let alone functional properties of circuits, of a mammalian brain with approximately 10 11 neurons, each making thousands of synaptic contacts, requires developing a new methodology. Recent papers have reported the results of the first serious effort at semi-automated, highthroughput connectomics [2] coupled with functional circuit analyses [3] at the cellular and behavioral levels in the fruit fly.
The Drosophila brain is composed of about 10 5 neurons with untold connections, and given this complexity it makes sense to break the problem down into smaller pieces. Thus, Takemura et al. [2] started with a smaller circuit in the optic lobe that serves perception of visual motion. This circuitry has been known at the behavioral and algorithmic levels for over 60 years and is well described by the Hassenstein-Reichardt elementary motion detector model (HR EMD, Figure 1 ) [4, 5] . Moreover, the model also describes the directionally-selective, motion sensitive properties of fifth-order visual neurons, the lobula plate tangential cells (LPTCs) of the fly's optic lobe. Thus, a favorable comparison of results from the new methods of brain mapping to a very well-known circuit would constitute a proof-of-concept, as well as perhaps solve a fundamental problem in visual neuroscience.
The fly is an ideal model species for addressing motion-sensing circuitry because the repetitive structure of its compound eye allows controlled spatial and anatomical separation of the two light inputs that are necessary and sufficient to drive the circuit [6] . Underlying the retina are four neuropils (Figure 2) , each arranged in a retinotopic array of repeated columns of neuronal types individually identifiable from animal to animal. Decades of electrophysiological studies with larger fly species, electron microscopy working from the retina centrally, and studies with genetic mutants have robustly defined part of the motion-sensing circuit. The two inputs are retinal green-sensitive photoreceptors R1-6, which make synaptic contacts with two large cells, L1 and L2, of the underlying lamina neuropil. Those cells, in turn, project axons into different layers of the medulla neuropil.
Working centrifugally from the lobula plate neuropil, four classes of LPTCs were found that respond to visual images moving vertically down, up, horizontally back-to-front then front-to-back, respectively, in four sequential strata of that neuropil. The LPTCs respond as does the output of the HR EMD model, but their receptive fields are much larger than the two spots of stimulation sufficient for computation of elementary motion. Thus, either the multiplication step of the HR EMD occurs on their membrane or they receive directionally-selective input from many cells with smaller receptive fields. One such cell, called T4, was identified by electron microscopy as presynaptic to a horizontally-sensitive LPTC [7] . The physiology of the small cells, however, is difficult to characterize with sharp electrodes [8] . Thus, there was a large gap in the circuit across the medulla.
The medulla is the most complex neuropil of the optic lobe, composed of some 45 cell types in each column, as well as 70-odd other types that span several to many columns. Determining cellular identities one micrograph at a time would be impossible. Enter the new semi-automated technology. The optic lobe of a Drosophila brain was cut into 2769 serial sections of 40 nm thickness [2] . Digital electron micrographs were subjected to automated image analysis that performed section alignment and segmentation of profiles into individual neurons for a focal medulla column and six neighboring columns. Segmented neurons were coalesced in a z-stack to produce three-dimensional profiles of 379 neurons, of which 290 could be assigned to types previously known from Golgi studies that randomly reveal individual neurons in their entirety [9] . Many profiles also identified neuronal cell types present in genetically transformed lines of flies, which will allow knocking out particular neurons to examine circuit properties. Congruence of three-dimensional neuronal profiles with known cell types builds great confidence that the new and still developing automated technologies will do a similar good job in areas of the brain that are less well known than the optic lobe. This is the automated part of the new semi-automated technology. The 'semi' part, alas, involves annotation of chemical synapses, which is still done manually by human 'proofreaders'. In this study, about 14,000 hours, including about 2500 hours by three experts at reading electron micrographs, were used to identify pre-synaptic and post-synaptic specializations and assign them to a neuron. About 50% of identified synapses could not be traced to their neuron either because the cell passed out of the seven column medulla volume being quantified or the dendrite was thinner than the 40 nm section and could not be unambiguously followed. Nevertheless, 8637 chemical synapses were identified. This is a real tour de force, but clearly image analytic software will need to improve so that this part of brain connectomics can also become automated.
So what did we learn about an insect connectome and the motion sensitive circuitry of the fly? The new study [2] focused on pathways post-synaptic to L1, whose axon arborizes primarily in layers 1 and 5 of the medulla (Figure 2 ). There it makes about 120 synapses with a cell restricted to the medulla, Mi1, and a similar number with a transmedullary cell, Tm3, that spans the medulla before sending its axon to the lobula neuropil, which was not reported on in this study. The authors identified about 550 total presynaptic processes in L1, which is an order of magnitude fewer than found in neurons of mammalian visual cortex [10] . Mi1 makes two-thirds of its 309 synapses with T4 cells. Tm3 also makes the majority of its medullary synapses with T4, 85 of 113. Thus, the two cells, Mi1 and Tm3, receive about half of the output of L1 and supply most of their output onto T4.
The functional properties of the circuit were tested by Maisak et al. [3] optoelectrically and behaviorally, using flies in which a reporter gene was expressed in T4 cells. Measuring a fluorescence signal related to cellular excitation, the researchers determined that T4s respond in a direction-selective manner to visual motion of light, but not dark, edges. Moreover, knocking out the T4 cells abolished a fly's optomotor behavior in response to moving light, but not dark, edges. Thus, the motion sensitive circuit for sequential light ON signals is now well established.
But flies also respond to moving dark edges. Another line of flies was We now have an elegant demonstration that the fly optic lobe has two separate motion sensitive pathways, one ON and another OFF, producing direction-selective responses in small-field T4 and T5 cells, which are collated on large-field LPTCs. But several questions remain. From a connectomic point of view, more than half of the synapses of these inputs to the medulla, and 40 or so of the 45 columnar neurons, are not implicated in motion sensing circuitry. We know that flies discriminate colors [11] , respond to object orientation [12] , and a host of other visual aspects of their world. It would seem that most of the cells in their medulla are engaged with processing such information and we should develop assays to examine those circuits. Secondly, within the motion sensing circuitry, T4 and T5 cells are necessary for the excitatory half-detector of the HR EMD. But in the fully opponent model (Figure 1) , output is inhibited by motion in the non-preferred direction, which is also reflected in the responses of the LPTCs. We need to determine which cells in the lobula plate relay the small-field, directionally-selective inhibitory information to the LPTCs.
